Glycosphingolipids have polar carbohydrate head groups of varying complexity that extend into the aqueous milieu as well as nonpolar hydrocarbon chains that embed into the lipid bilayer of biomembranes. These lipids are present in all eukaryotes and are localized in cellular membranes, lipoproteins, and other lipid-rich structures. Several lines of evidence implicate glycosphingolipids and related metabolites in important cellular processes such as differentiation, adhesion, proliferation, and cell-cell recognition
Glycosphingolipids have polar carbohydrate head groups of varying complexity that extend into the aqueous milieu as well as nonpolar hydrocarbon chains that embed into the lipid bilayer of biomembranes. These lipids are present in all eukaryotes and are localized in cellular membranes, lipoproteins, and other lipid-rich structures. Several lines of evidence implicate glycosphingolipids and related metabolites in important cellular processes such as differentiation, adhesion, proliferation, and cell-cell recognition (1) (2) (3) (4) . More recently, the possibility of glycosphingolipid-enriched clusters, i.e. "rafts" existing within membranes has generated much interest because of their co-localization with signaling kinases and their putative role in the localization and sorting of proteins carrying glycosylphosphatidylinositol anchors and other lipid modifications (5) (6) (7) . Because of these roles in key cellular processes, it is clear that the trafficking and expression of glycolipids from their site of synthesis in the endoplasmic reticulum-Golgi complex must be effectively coordinated and controlled. Proteins that play roles in these processes warrant further investigation.
Soluble proteins with the ability to selectively accelerate the intermembrane transfer of glycosphingolipids were initially discovered in the membrane-free cytosolic extract of bovine spleen (8, 9) . Subsequently, similar activities were found in a wide variety of tissues, including mammalian brain, liver, and kidney as well as spinach chloroplasts (10 -12) . Purification of the spleen and brain glycolipid transfer proteins (GLTPs) 1 by various means revealed single polypeptides with molecular masses of 22-24 kDa, basic isoelectric points, and an absolute specificity for glycolipids (e.g. see Refs. 9, 13, and 14). GLTPs appear to be cytosolic, and their specificity is directed to glycolipids with a ␤-glucosyl or ␤-galactosyl sugar linked to either a ceramide or diglyceride hydrophobic backbone (15) (16) (17) . Edman degradation of the porcine brain protein and other studies revealed 208 amino acid residues with one disulfide bridge (18 -20) . Together, these characteristics show GLTP to be distinctly different from other soluble proteins that can interact with glycolipids such as lysosomal sphingolipid activator proteins, other types of lipid transfer proteins, and lectins with mannose recognition/binding domains (10, 14) .
Although GLTP behavior has been investigated in vitro (10 -12) , many aspects of GLTP's basic structure-function relationships as well as its mechanism of action are not well understood, and little is known about its in vivo function and localization. To begin to address such issues, here we report the first successful cloning and overexpression of the full-length cDNA of GLTP from bovine and porcine brain as well as the mRNA tissue expression pattern of GLTP.
EXPERIMENTAL PROCEDURES
Materials-Oligonucleotides were synthesized using an Oligo 1000 DNA synthesizer (Beckman, Fullerton, CA) or by BioSynthesis (Lewisville, TX). The bovine brain (catalog no. BL1027b, adult male) and the porcine cortex gt11 cDNA libraries (catalog no. BL1003b, adult male) * This work was supported by the Academy of Finland, the Åbo Akademi, Magnus Ehrnrooth, and Hormel Foundations, and United States Public Health Service Grant RO1-GM45928. Portions of this work were presented at the 39th American Society for Cell Biology Annual Meeting, Washington, D.C., December 11-15, 1999 (48) . The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. were both obtained from CLONTECH (Palo Alto, CA). PCR amplifications were performed with the Expand High Fidelity PCR System (Roche Molecular Biochemicals) on a GeneAmp 2400 thermocycler (Perkin-Elmer). PCR or RACE products were cloned into pGEM-T Easy (TA) vector (Promega, Madison, WI) and then sequenced using T7 or SP6 promoter primers. DNA sequencing was performed at the Mayo Molecular Biology Core Facility with an Applied Biosystems 377 sequencer using thermocycler protocols and fluorescent dye terminators.
GLTP Amino Acid Sequencing-Protein sequencing was performed at the Mayo Protein Core Facility. Briefly, limited proteolysis of native bovine GLTP was achieved by treatment with cyanogen bromide or by trypsinization. Prior to cyanogen bromide treatment, GLTP was reduced and alkylated. Alternatively, trypsinization was carried out by in situ digestion of gel slices as described by Rosenfeld et al. (21) following SDS-polyacrylamide gel electrophoresis of GLTP. The resulting peptides were separated using an ABI Separation System (Perkin-Elmer) and a Vydac C18 column (2.1 ϫ 250 mm; The Separations Group, Hesperia, CA). Separation was achieved using a linear gradient of 5% buffer B to 90% buffer B in 70 min, where buffer B was 60% acetonitrile, 40% water, and 0.9% trifluoroacetic acid, and buffer A was 0.1% trifluoroacetic acid and 5% acetonitrile. The peptide peaks were spotted onto pieces of high density polyvinylidene difluoride (ABI ProBlott) and treated with Biobrene/methanol (1:1; 5 l) prior to sequencing on an ABI 492 Procise Protein Sequencing System using the pulsed liquid mode. Data were analyzed with the ABI model 610A data analysis software.
Isolation of cDNA Partially Encoding GLTP-A cDNA fragment (379 bp) coding for a GLTP interior region was initially amplified from a porcine brain gt11 library by PCR using degenerate oligonucleotides (sense dpF and antisense dpR; Table I ). The primers were designed using Oligo 4 from the published interior GLTP amino acid sequences EKEMYG 82 and MYTKMN 202 depicted in Fig. 1 . Sequencing of the 379-bp cDNA fragment, after cloning to TA vector, led to the design of gene-specific forward and reverse primers (gspF1 and gspR1; Table I and Fig. 1 ), which were used to amplify a 345-bp cDNA fragment from a bovine brain gt11 cDNA library. The PCR temperature profile program consisted of one cycle of 5 min at 94°C; 35 cycles of 1 min at 94°C, 36 s at 63°C, 90 s at 72°C; and final extension for 7 min at 72°C. Sequencing of the 345-bp bovine cDNA fragment confirmed that it encoded an interior region of GLTP.
To obtain the 5Ј-end encoding the N termini of bovine and porcine GLTPs, cDNA was synthesized from total bovine or porcine brain RNA (1 g) using a first strand synthesis kit (CLONTECH) and a genespecific antisense primer (gspR2), designed from the known partial nucleotide sequence (Table I ). The reaction was performed using a SMART RACE PCR kit (CLONTECH). The 5Ј-end of the cDNA was amplified by PCR using the universal primer mix (5Ј-RACE-UPM; Table I ) along with the antisense gspR2 oligonucleotide using the following temperature profile program: one cycle of 5 min at 95°C; 35 cycles of 1 min at 94°C, 36 s at 63°C, 90 s at 72°C; and final extension for 7 min at 72°C. The resulting single 433-bp DNA band was cloned into TA vector and sequenced.
To obtain the 3Ј-end of the bovine GLTP cDNA, a first round PCR was performed using a gt11 reverse universal primer and a genespecific primer (gspF1) with bovine cDNA-gt11 phage library as template (Table I) . For the second round of PCR, 5 l of undiluted product was then used in a reaction mixture in which nested primer (gspF2) replaced primer gspF1 (Table I) . The DNA was then denatured for 5 min at 95°C followed by 20 cycles of 36 s at 55°C, 90 s at 72°C, 1 min at 94°C and by final extension at 72°C for 7 min.
Aliquots (10 l) of the second round PCR mixture were analyzed by electrophoresis on a TAE (40 mM Tris acetate, 1 mM EDTA, pH 8.0), 1.5% agarose gel and visualized by ethidium bromide staining to identify the PCR products. Three PCR bands were excised and purified by QIA quick columns (Qiagen, Inc., Chatsworth, CA) and cloned into TA vector prior to sequencing.
Cloning of Full-length cDNA Encoding Bovine Brain GLTP-The full-length bovine GLTP cDNA was constructed by the bridge-overlapping extension PCR method. The PCR mixture (48 l) contained 20 ng of the 5Ј-end of bovine GLTP cDNA fragment (433 bp) and of the 3Ј-end of bovine GLTP cDNA fragment (428 bp) along with 0.2 mM dNTP, 5% Me 2 SO, 1.5 mM MgCl 2 , and 2.5 units of Advantage polymerase 2 in Advantage DNA polymerase 2 buffer (50 mM KCl, 10 mM Tris/HCl, pH 9.0, at 25°C, 0.1% (w/v) gelatin, and 1% Triton X-100). PCR was carried out using the following temperature profile program: 5 min at 94°C; 10 cycles of 1 min at 94°C, 36 s at 60°C, and 90 s at 72°C; the addition of primers gspFN and gspRC (1 l; 20 pM each) (see Table I ), followed by another 30 cycles of 36 s at 57°C, 90 s at 72°C, 1 min at 94°C, and final elongation for 7 min at 72°C. After digestion by EcoRI and BamHI, a 627-bp PCR product was cloned into glutathione S-transferase (GST) fusion protein expression vector pGEX-6P-1 (Amersham Pharmacia Biotech), which also had been digested with EcoRI and BamHI.
Cloning of Full-length cDNA Encoding Porcine Brain GLTP-Firststrand cDNA was synthesized (10-l reaction) from total pig brain RNA (1 g) using Superscript TM II reverse transcriptase (Life Technologies, Inc.) with antisense gene-specific primer gspRC (Table I) according to the SMART RACE PCR kit protocol. A 5-l sample aliquot of the reverse transcriptase reaction mixture was used as template for PCR, and the same gene-specific primers (gspFN and gspRC) were used to amplify the porcine full-length GLTP cDNA (627 bp) under the same reaction conditions as for bovine GLTP cDNA.
GLTP Heterologous Expression as GST-GLTP Fusion Protein-The 627-bp cDNA fragment coding for the 209 amino acids was cloned in frame with GST in the pGEX-6P-1 vector at the BamHI and EcoRI restriction sites. Following transformation, cells (Escherichia coli BL21) were grown in 2ϫ YT medium at 30°C until cell density reached an A 600 of 1.7. Then expression of GST-GLTP fusion protein was induced with isopropyl-1-thio-␤-D-galactopyranoside (final concentration 0.1 mM), and cell incubation continued for an additional 2 h. After harvesting, cells were lysed by sonication after treatment with lysozyme. The resulting supernatant, which contained about 50% of the GST-GLTP fusion protein, was incubated with the GST affinity matrix and washed. GLTP then was released by cleaving with PreScission protease according to the manufacturer's specifications.
SDS-Polyacrylamide Gel Electrophoresis and
Immunoblotting-Proteins were analyzed on 16% polyacrylamide gels (0.75 mm) containing 0.1% SDS and transferred to a polyvinylidene difluoride membrane for Western blotting (Millipore Corp., Bedford, MA). To detect GLTP, a rabbit polyclonal antibody was raised against a 12-amino acid peptide (   195   YEMYTKMNAELNYKV   209 ; see Fig. 2 ) that is identical to the Cterminal sequence of bovine and porcine GLTP (BioSynthesis). Prior to use, the serum was treated using a Protein A purification kit (Pierce), and the resulting IgG fraction was immunosorbed against GLTP immobilized on polyvinylidene difluoride membranes (22) . GST-GLTP fusion protein also was detected with the preceding antibody or with a goat anti-GST antibody (Amersham Pharmacia Biotech). Visualization was achieved with secondary antibodies conjugated to alkaline phosphatase (Sigma and Bio-Rad).
GLTP Transfer Activity Assays-Two different assays were used to monitor the GLTP-mediated glycolipid transfer between membranes. A fluorescence resonance energy transfer assay utilizing anthrylvinyllabeled glycolipid (1 mol %) and nontransferable perylenoyl-labeled triglyceride (1.5 mol %) permitted continuous real time monitoring of GLTP activity (23, 24) . Fluorescence measurements were carried out using a SPEX Fluoromax spectrofluorimeter (Instruments S.A., Inc. Edina, NJ). Also used for determination of GLTP activity was a [
3 H]GalCer radioactive assay in which donor vesicles contained negatively charged phospholipid allowing separation from neutral acceptor vesicles by rapid elution over DEAE-Sephacel minicolumns (14, 24) .
Tissue and Cell Preparations and Total RNA Isolation-All tissue samples were obtained from healthy animals within minutes after slaughter and were immediately frozen in liquid nitrogen. Total RNA from bovine tissues was isolated by an RNA STAT-60 acidic guanidinium isothiocyanate/chloroform procedure as described briefly below (Tel-Test Inc., Friendswood, TX). Tissue samples (50 -100 mg) that had been kept frozen in liquid nitrogen were homogenized directly in 1 ml of the RNA STAT-60 reagent. After the addition of chloroform (200 l) and shaking for 15 s, the sample was centrifuged at 1200 rpm for 15 min at 4°C. The aqueous phase was collected in a tube containing 2-propanol (500 l), was incubated at room temperature for 10 min, and then was centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was discarded, and the pellet was washed in 70% ethanol, dried, and redissolved in RNase-free water. Prior to use, RNA concentrations were determined spectrophotometrically, and RNA integrity was verified by electrophoresis.
RT-PCR Analysis-GLTP expression levels in the different tissues were initially analyzed by RT-PCR using total RNA extracted from different tissues by the RNA STAT-60 procedure described above. The RT reaction was performed according to protocol (CLONTECH) but with 2 g total RNA in each transcription reaction. After cDNA synthesis using gene-specific primer gspRC and a Superscript II RT TM kit (Life Technologies, Inc.), cDNA was amplified by PCR using genespecific primers (gspFN and gspRC) under the same conditions as described for the production of the full-length GLTP cDNA from bovine brain. Aliquots of 10 l of the RT-PCR reaction mixture were analyzed by electrophoresis on a TAE (40 mM Tris acetate, 1 mM EDTA, pH 8.0) 1.5% agarose gel and visualized by ethidium bromide staining to identify the RT-PCR products.
Northern Blot Analysis-Total RNA (20 g) was electrophoresed on 1% agarose gels containing 2.2 M formaldehyde and transblotted onto nylon membranes (Roche Molecular Biochemicals) using the TurboBlot system (Schleicher & Schuell). Hybridization was carried out at 68°C for 24 h in 50% formamide hybridization solution containing 20 ng/ml RNA probe. The mRNA hybridization probe for GLTP consisted of antisense RNA labeled with DIG-CTP using T7 RNA polymerase (Roche Molecular Biochemicals) along with a 345-bp cDNA partially encoding GLTP, inserted into TA cloning vector but linearized using SalI. Following hydridization, the membrane was washed twice at room temperature with 2ϫ SSC buffer (30 mM sodium citrate, pH 7.0, 300 mM NaCl) containing 0.1% SDS and twice at 68°C with 0.5ϫ SSC buffer containing 0.1% SDS. For detection, anti-DIG-AP antibody was used in conjunction with CDP-star chemiluminescent reagent (Roche Molecular Biochemicals).
RESULTS
Cloning of cDNA Encoding GLTP-Because the primary amino acid sequence of porcine brain GLTP had been determined earlier by Edman degradation (18), we initially set out to establish the similarity to a GLTP purified to homogeneity from bovine brain (14) . This was necessary because Ledeen and co-workers (25) had reported two distinct glycolipid transfer protein activities in bovine brain. Because the purified bovine and porcine GLTPs appeared to be N-terminally blocked (14, 18) , we fragmented the beef brain protein with cyanogen bromide or by in situ trypsinization of SDS gel slices, purified three of the resulting peptides by reverse-phase HPLC, and sequenced these fragments. The three internal peptides matched identically with amino acid sequences 57-65, 80 -91, and 197-208 (carboxyl terminus) of porcine brain GLTP except for a single amino acid substitution in residues 57-65 as well as in residues 197-208.
As a result of the high degree of similarity, we relied on the porcine brain GLTP primary amino acid sequence to design and produce degenerate oligonucleotide primers (sense primer DF and antisense primer DR; Table I ) for the initial amplification of cDNA encoding GLTP from a gt11 cDNA library. The subsequent PCR experiments resulted in the successful amplification a 379-bp cDNA fragment encoding an interior region of GLTP. From the sequence of this 379-bp cDNA fragment, we then designed gene-specific oligonucleotide primers (gspF1 and gspR2; Table I and Fig. 1 ) to use in the amplification of the 3Ј-and 5Ј-cDNA ends encoding the C and N termini of GLTP. Hot start, seminested PCR approaches were used to obtain the 3Ј region and resulted in a 428-bp fragment encoding the GLTP C terminus. Downstream and flanking the TAG stop codon was a 33-bp untranslated region. However, the canonical AATAAA polyadenylation site or poly(A) ϩ tail was absent, suggesting that part of the 3Ј-end of the mRNA was missing in the original bovine gt11 cDNA library.
Attempts to obtain the cDNA encoding the N terminus of GLTP from the gt11 library were carried out by PCR using the forward universal and gspR2 primers (Table I) . A 406-bp fragment resulted that lacked the ATG start codon and encoded an N terminus of PVAEH instead of the expected ALLAEH (based on the pig sequence). To verify this difference, RACE-PCR was employed (see "Experimental Procedures"). However, RACE-PCR yielded a 433-bp cDNA fragment that not only coded the N terminus predicted by the pig primary sequence but also included the ATG start codon along with an upstream G ϩ C-rich region consisting of 10 base pairs. The cDNA fragments encoding both the N and C termini of GLTP were then used to construct a full-length GLTP cDNA by bridge-overlapping extension PCR. The resulting 670-bp sequence contained a single open reading frame (627 bp) coding for the amino acid residues of GLTP (Fig. 1) .
Identical Amino Acid Sequences of Bovine and Porcine GLTP-Application of a similar PCR-based strategy yielded a GLTP cDNA clone from porcine brain with a 627-bp open reading frame encoding a 209-amino acid protein with a calculated mass of 23.9 kDa. Although several nucleotide bases were different (Fig. 1, boxed nucleotides) , the encoded amino acids in the bovine and porcine cDNAs were identical. Both cDNAs, however, encoded for one additional amino acid at the N terminus (methionine) as well as for arginine at positions 10 and 200 instead of the lysines originally reported at positions 9 and 199 based on Edman degradation (18) . We also found that threonine was encoded at position 65 instead of the alanine originally reported at position 64. These differences, illustrated in Fig. 2 (vertical arrows) , were verified in several clones generated by different PCRs.
A hydropathy plot analysis (26) revealed hydrophobic segments near amino acids 40, 100, and 150 as well as near the C terminus (Fig. 3) . The hydrophobicity of these regions suggests that certain of these segments could be potential membrane interaction sites. Analysis by the PSORT II program (27) did not reveal any signal peptide sequences but predicted the protein to be cytoplasmic, which agrees with previous suggestions (10, 11) .
Heterologous Expression of GLTP as a GST Fusion Protein-In earlier studies, Saupe et al. (28) showed that HET-C2 protein, a fungal protein showing similarity to GLTP, could be 
5Ј-GGTGGCGACGACTCCTGGAGCCCG-3Ј
5Ј-RACE primer
5Ј-CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3Ј
Universal primer mix
5Ј-CTAATACGACTCACTATAGGGC-3Ј
Expression vector primers gspFN
a Primers are designated as follows: dp, degenerate primer; F, forward; R, reverse; gsp, gene-specific primer. The underlined nucleotides indicate the restriction enzyme site.
successfully expressed as a GST fusion protein in E. coli using the pGEX expression vector. For this reason, we utilized the pGEX expression vector. The 627-bp cDNA open reading frame for GLTP was cloned in-frame with GST into the pGEX-6P-1 vector at the BamHI and EcoRI restriction sites. The primers used in the PCR were gspFN and gspRC with adjacent restriction sites for BamHI and EcoRI, respectively (Table I ). The resulting pGEX-GLTP was used to transform competent BL21 cells. The extent to which the fusion protein accumulated in inclusion bodies was critically dependent upon growth and induction conditions. Cells grown at 37°C to modest densities (OD Х 0.7) and induced for 6 h with isopropyl-1-thio-␤-D-galactopyranoside produced GST-GLTP fusion protein that almost all pelleted following lysis and centrifugation, presumably due to localization to inclusion bodies. After the pelleted fusion protein was solubilized using urea (8 M) , attempts were made to refold into active form. However, refolding by the method of Chen et al. (29) failed to restore GLTP activity (data not shown). As a result, cell growth conditions were adjusted to reduce inclusion body formation. This was achieved by growing the cells at only 30°C, but to higher densities (OD Х 1.7), and then inducing with isopropyl-1-thio-␤-D-galactopyranoside for only 2 h. These conditions resulted in GST-GLTP fusion protein, which was about equally distributed between the soluble and pelleted fractions after lysis and centrifugation. Analysis of the soluble fraction by SDS-polyacrylamide gel electrophoresis revealed overexpression of the 53-kDa GST-GLTP fusion protein (Fig. 4a, lane 1) . Immunoblotting showed that the fusion protein reacts with immunosorbed, protein A-purified polyclonal antibody raised to the C-terminal region of GLTP (Fig.  4b, lane 1) . Interestingly, the GST-GLTP fusion protein accelerated the intervesicular transfer of both fluorescently labeled GalCer (Fig. 5, right panel, trace c) and [ 3 H]GalCer (not shown). No transfer activity was observed in mock-transfected cells that contained pGEX vector without the GLTP coding insert (Fig. 5, right panel, trace d) . However, the addition of soluble sonicate containing the GST-GLTP fusion protein (Fig.  5, trace d, arrow) Protein sequences were deduced from their cDNAs. The SIM alignment algorithm was used to align the amino acid sequences for maximum identity (47) . Individual amino acids are shown in single letter code and numbered on the right. Black boxes, sequence identities between the GLTP and HET-C2; dots, conservative differences; hyphens, gaps. The four differences in GLTP amino acid sequence obtained from the cDNAs versus from Edman degradation by Abe (18) are marked with vertical arrows.
FIG. 3. Hydropathy analysis.
A hydropathy plot of the deduced amino acid sequence for GLTP was obtained using the Kyte and Doolittle analysis with an average window size of 19 amino acid residues plotted at one-residue intervals (26) . Positive values represent increased hydrophobicity.
that the transferred radioactivity co-migrated with the GalCer standard upon analysis by thin layer chromatography (data not shown).
Affinity purification of GLTP was achieved by adsorbing the soluble GST-GLTP fusion protein to glutathione-Sepharose-4B, washing, and then proteolytically cleaving to release the bound GLTP. Fig. 4 shows the resulting GLTP purity as assessed by SDS-polyacrylamide gel electrophoresis (Fig. 4a, lane 2) and by immunoblotting against immunosorbed, protein A-purified polyclonal antibody to the C-terminal region of GLTP (Fig. 4b,  lane 2) . By these criteria, the recombinant GLTP appeared pure and behaved identically with native GLTP purified from bovine brain (Fig. 4, a and b, lane 3) as described by Brown et al. (14) . The purification yielded ϳ0.5 mg of recombinant GLTP/liter of cultured cells within 3-4 working days. In contrast, purification of similar amounts of native GLTP from half a dozen bovine brains requires about 6 -8 weeks (14) . The activity of the purified recombinant GLTP was assessed by fluorescently labeled GalCer. As shown in Fig. 5 (left panel) , the fluorescence resonance energy transfer assay reveals that the initial rates of anthrylvinyl-GalCer transfer by recombinant GLTP (trace a) are as good or better than those of native GLTP (trace b) that had been stored for several months at Ϫ70°C. These results were confirmed by intervesicular transfer assays utilizing [ 3 H]GalCer (data not shown). Tissue Expression Levels of GLTP mRNA-Because RT-PCR has proven to be a fast, sensitive, and semiquantitative method for analyzing gene expression, we initially used RT-PCR to analyze the wild-type tissue expression of the 627-bp mRNA open reading frame encoding GLTP. This was accomplished using the gspFN forward and gspRC reverse primers as described under "Experimental Procedures." The resulting agarose gel (Fig. 6a) shows the following hierarchy of 627-bp mRNA levels: cerebrum Ͼ kidney Ͼ spleen Х cerebellum Х lung Ͼ liver Ͼ heart muscle.
To confirm the RT-PCR results, mRNA levels also were determined by Northern blot hybridization. Antisense RNA to a 345-bp cDNA fragment partially encoding GLTP served as the hybridization probe (Table I) . Northern blot analyses of bovine tissues (Fig. 6b) showed single transcripts of ϳ2.2 kilobases and a similar expression level hierarchy, except that lung, cerebellum, and spleen mRNA levels appeared to be similar. The relatively high levels of GLTP mRNA in cerebrum and kidney are consistent with the higher levels of glycosphingolipids that are generally found in these tissues. DISCUSSION We have cloned the bovine and porcine brain cDNAs for GLTP and shown that they contain 627-bp open reading frames encoding identical amino acid sequences. This represents the first reported cloning of GLTP. The amino acid sequence encoded by the cDNAs is identical to the sequence previously determined by Edman degradation (18) with the exception of four amino acids. The cDNAs encode one additional amino acid (Met) at the N terminus, arginines at positions 10 and 200 (instead of lysines), and threonine at position 65 (instead of alanine). The absolute conservation of the amino acid sequence encoded by both bovine and porcine cDNA suggests an important role in cellular glycosphingolipid trafficking and/or metabolism. Yet searches of on-line protein and DNA data bases show no similarity between GLTP and other proteins previously reported to have glycolipid intermembrane transfer activity and/or to participate in glycolipid metabolism. Such proteins include two classes of soluble proteins: nonspecific lipid transfer proteins (e.g. Refs. 30 and 31) and sphingolipid activator proteins (e.g. Refs. 32 and 33).
Nonspecific lipid transfer proteins (nsLTPs) are present in both animals and plants and represent a group of soluble proteins that catalyze the in vitro transfer of a wide range of lipids, including glycolipids. Although able to transfer different neutral glycosphingolipids and ganglioside GM1 between membranes (34), nsLTPs clearly differ from GLTP with regard to lipid selectivity and actively transfer all common phosphoglycerides as well as cholesterol. Also, despite having basic isoelectric points (pI 8.6 -9.6) like GLTP (pI 9.0), nsLTPs are much smaller (13.2 kDa) than GLTP (23.9 kDa) and are initially encoded in precursor form (15.3 kDa; pre-nsLTP). A tripeptide targeting sequence (Ala-Lys-Leu) in the C-terminal end directs certain nsLTPs to peroxisomes, where a 20-amino acid presequence is cleaved. No known organelle targeting sequences appear in the primary sequence of GLTP, which is consistent with its putative cytoplasmic localization. Given the differences in selectivity and structure along with the lack of sequence homology revealed by searches of on-line data bases, available evidence indicates that GLTP is distinctly different from known nsLTPs and other lipid transfer proteins.
Another class of small soluble proteins with the ability to interact specifically with glycolipids are the sphingolipid activator proteins (SAPs), which serve as nonenzymatic cofactors in the degradation of glycosphingolipids by the acidic glycosidases (35) . Although one SAP, i.e. GM2 activator protein, has been shown to display in vitro glycolipid transfer activity (36) , this SAP is clearly selective for ganglioside GM2 in contrast to the broader selectivity displayed by GLTP for many glycolipids (13, [15] [16] [17] . Also, the GM2 activator protein appears to differ from GLTP in that it is synthesized as a prepropolypeptide that includes a presequence directing synthesis on the rough endoplasmic reticulum followed by extrusion of the nascent polypeptide into the lumen for trafficking to the lysosome. Other SAPs (four of five) are encoded by a single gene and enter the lysosome as a single 65-73-kDa precursor chain that is processed into four similarly sized (ϳ13 kDa), fairly homologous polypeptides (SAPs A-D) that are heavily glycosylated and have acidic pI values (4.6). Prosaposin and all of the saposins bind gangliosides, sulfatides, and cerebrosides to varying degrees and facilitate glycolipid insertion into erythrocyte ghosts or brain microsomes to differing extents (37, 38) . Also, the sulfatide activator protein (SAP A) markedly accelerates the transfer of complex gangliosides compared with simpler glycolipids having shorter carbohydrate chains (39) . Yet, subtle differences in glycolipid selectivity along with other structural differences and the lack of sequence homology revealed by searches of on-line data bases strongly suggest that GLTP also is distinctly different from all known SAPs.
In contrast, it is clear from the on-line multiple sequence analysis routines of the EBML and Pôle Bio-Informatique data bases that GLTP is homologous to the fungal protein, HET-C2 (Fig. 2) . This protein, encoded at the het loci, plays a decisive role in regulating the compatibility and stability of heterokaryons that form by hyphal fusion between different individual organisms (28) . The resulting vegetative heterokaryons contain genetically distinct nuclei within a common cytoplasm. If these nuclear components contain different specificities at any of several het loci, incompatibility interactions are triggered, resulting in growth cessation and cell destruction by a lytic process. The genetic basis of this vegetative incompatibility has been studied in various ascomycetes including Neurospora, Aspergillus, and Podospora (40, 41) . The cloned het-c2 allele encodes a 208-amino acid protein with significant homology to GLTP (29% identity and an additional 30% similarity). In the case of the Pôle Bio-Informatique on-line data base, in addition to the 29% identity, strong similarity was noted for 20% of sequence, whereas weak similarity was noted for 10% of the sequence. The similar amino acids are distributed all along the sequence (Fig. 2) , which agrees with earlier findings (28) . Preliminary experiments indicate that cloned HET-C2 does display in vitro glycolipid transfer activity. 2 This finding is especially interesting, because earlier preliminary investigations of Saccharomyces cerevisiae, a unicellular yeast incapable of a mycelial growth stage, revealed no trace of GLTP activity (42) . Also, our searches of the Saccharomyces Genome Data base provided no evidence of open reading frames encoding GLTP or homologous proteins.
Together, these results suggest that GLTP might play an important role in cytoplasmic processes triggered by cell-cell interactions and related to cell-cell compatibility such as the control of cell apoptosis versus proliferation. Such a role could be one of sensing or helping to modulate glucosylceramide (GlcCer) levels at key locations within cytoplasmically oriented compartments. The importance of GlcCer levels within cells is well documented. Depletion of endogenous GlcCer by metabolic inhibitors arrests the cell cycle (44) . Elevations of GlcCer lead to tissue hyperplasia in mice including hepatocyte proliferation and epidermal mitogenesis (45, 46) . The molecular biological approaches described here are likely to help provide the means not only to gain insights into the in vivo role of GLTP but also to accelerate an understanding of basic structure-function relationships that govern this protein's ability to interact with glycolipids in membrane surfaces. FIG. 5 . Transfer activity of the recombinant GLTP. Glycolipid transfer activity was measured using the fluorescence resonance energy transfer approach described under "Experimental Procedures." A shows the activity of the purified cloned and native GLTPs (0.3 g/ml). Trace a depicts the cloned GLTP following affinity purification after expression as a GST-GLTP fusion protein in E. coli; trace b depicts the native GLTP purified from bovine brain. B shows the GLTP activity in E. coli sonicates transformed with pGEX vector either with or without the cDNA insert encoding GLTP (3 g/ml). Trace c depicts the sonicate of E. coli expressing GST-GLTP fusion protein; Trace d depicts the sonicate of E. coli expressing GST alone. The arrow indicates the addition of cloned GLTP to verify the fidelity of the assay. 
